Abstract. Global land surface fluxes of energy and CO 2 have been simulated using an off-line version of a biosphere-atmosphere model, SiB2, forced with analyzed or observed atmospheric boundary layer mean potential temperature, water vapor mixing ratio, and wind, surface downward solar and thermal radiation, and precipitation. The off-line model is called SiBDRV. Soil and vegetation boundary conditions were specified from satellite data and other sources. The European Centre for Medium-Range Weather Forecasts (ECMWF) data assimilation system products were used to derive the atmospheric and radiative forcings. Precipitation was based on station observations. The SiBDRV results were compared with corresponding simulation results produced by the Colorado State University general circulation model (CSU GCM), with the ECMWF assimilation system output and with observations. Differences between the surface energy budget components and the surface climatology produced by SiBDRV and the ECMWF assimilation system are due to differences in the land surface parameterizations between the two models. SiBDRV produced lower surface latent heat fluxes and larger sensible heat fluxes than the ECMWF data assimilation, partly due to large canopy resistent term explicitly formulated by SiB2 and possible precipitation differences between the SiBDRV precipitation forcing and the ECMWF data. Differences between the SiBDRV and the CSU GCM results are due to the different climates associated with the ECMWF assimilation system output, which is strongly constrained by assimilated observations, and by the CSU GCM, which is run in pure simulation mode. More specifically, the major reasons for the surface energy and CO2 budget differences between the SiBDRV and the GCM are greater incoming solar radiation in the GCM and differences in the precipitation patterns. The simulated global annual carbon uptake by the terrestrial biosphere is similar in SiBDRV and the GCM. The annual gross primary productions of SiBDRV (116 Gt) and the GCM (113 Gt) agree well with other studies, using either ecological process models or empirical regression models. SiBDRV takes up 10 and 5% more CO2 than the GCM in January and July, respectively. The seasonally varying land surface CO2 fluxes estimated by the SiBDRV and the GCM both compare reasonably well with the results of other calculations.
Introduction
Land surface processes affect climate mainly through the surface-atmosphere exchanges of energy, momentum, and CO2 across the atmospheric boundary layer. The land surface energy and CO2 budgets are still uncertain, however, due to the complexity of the land surface processes and their interactions with the climate system. A comparison of 19 atmospheric general circulation models (GCMs) concluded that variations of the surface-energy fluxes in response to prescribed 4 K sea surface temperature changes varied greatly from model to model, mainly due to differences in the simulated hydrological cycles and the parameterizations of longwave radiation exchange, clouds, and boundary layer processes [Randall et al., 1992] . These differences can arise in part from differences in the parameterization of land surface processes. The 19 models (CSU) GCM. Global data sets for the land surface biophysical parameters required by SiB2 were derived from satelliteobserved normalized difference vegetation index (NDVI) data and global biome distributions, as described by Sellers et al. [1996b] . These simulations were compared with the results of a control simulation which used a bucket surface hydrology model having the same surface albedo and roughness length fields. Generally, SiB2 produces a warmer and drier surface and atmospheric boundary layer than the control run. The surface sensible heat flux increases and the surface moisture flux decreases, over the continents. The terrestrial carbon assimilation fields were also reasonably simulated using the coupled SiB2-GCM system. Compared with the control run, the coupled system produced less cloud cover over land and showed increases in the surface net shortwave radiation and longwave cooling, as well as less precipitation and more spatial variations of the soil wetness. Pitman [1995] used a single-column model to study the sensitivity of BATS to variations of several input parameters. One of his conclusions is that such off-line test cannot fully evaluate land surface parameterizations because of the lack of surfaceatmosphere feedbacks. We certainly agree with this, but at the same time, we find that tests of SiB2 inside a GCM are also somewhat unsatisfactory in themselves, because it is difficult to disentangle the problems that arise from deficiencies of SiB2 from those that arise from deficiencies of other parts of the GCM. One way to avoid this problem is to test SiB2 outside the GCM, by driving it with observations. Such a test is one of the main objectives of the present study. It seems to us that off-line tests and fully coupled tests are complementary and that both are desirable.
In this paper we report simulations of the global land surface energy and CO2 fluxes, obtained by using an off-line version of SiB2, called "SiBDRV," which was forced ("DRiVen") by observed atmospheric and radiative forcings. The simulated surface energy and CO2 budgets are compared with the results of simulations performed with the Colorado State University general circulation model (CSU GCM) coupled with exactly the same version of SiB2 and with the surface fluxes provided as part of the original ECMWF assimilation system output. The results are also compared with other available data sets. Figure  1 summarizes this strategy.
The differences between the land surface energy budget components and surface climatology produced by SiBDRV and the ECMWF assimilation system can be attributed to the differences between the land surface used in the two models.
On the other hand, discrepancies between the SiBDRV results and the GCM simulation may be related to climatic differences experienced by the land surface. This is a new attempt to reasonably estimate the land surface fluxes at the global scale, using a comprehensive land surface model (SiB2) forced by observations. Although some comprehensive field measurements for the surface energy and turbulent fluxes are now available at several locations, such as FIFE, HAPEX, Boreal Forest, surface energy fluxes at continental scale are not available at the present time. The surface fluxes also vary spatially. Thus a simulation such as SiBDRV can provide a practical way to obtain surface energy, water, and CO2 fluxes information at the global scale and for a period of long time.
In section 2 we briefly describe SiB2. The boundary and atmospheric forcing data sets are discussed in section 3. Section 4 describes the experiments. In section 5 we analyze and discuss the results. A summary is given in section 6.
A Brief Description of SiB2
SiB2 includes one canopy layer. There are three soil layers: a surface soil layer, a root zone, and a deep soil layer. A canopy photosynthesis submodel [Collatz et al., 1990 [Collatz et al., , 1991 Photosynthesis is the source of biomass production over land and has been identified as one of the major CO2 sinks for the atmosphere [e.g., Schlesinger, 1991]. As described by Sellers et 
where Rsoil is calculated using
•, is the monthly mean soil respiration scale, which is a function of the layer-averaged soil temperature, root-zone soil moisture, and soil texture [Randall et al., 1996] . The annual gross primary production (GPP) of the terrestrial biosphere is expressed as 
Forcing Data
The off-line SiB2 simulations need atmospheric forcing data, namely, the potential temperature, water vapor mixing ratio, and horizontal wind components in the atmospheric boundary layer; precipitation rate; and the downward solar and longwave radiation at the surface. The frequency of the input forcing data must be at least hourly in order to adequately resolve the diurnal cycle of the atmospheric physical processes and surface-atmosphere fluxes. The ECMWF assimilation system products were generated using operational cycle number 28, as described by Blondin [1988 Blondin [ , 1991 . These products include surface temperature, 
Surface Radiation Forcing
SiBDRV uses the SiB2 surface albedo prescription. Nevertheless, the land surface albedos produced by the ECMWF assimilation system are needed for the calculation of the downward surface shortwave radiation flux, which was not available in the ECMWF assimilation system output. The albedos were estimated using In (7), C(t) is the total cloud cover (fraction), DL is daylight length (hours), and SS and SR are the times of sunset and sunrise, respectively. The surface downward thermal radiation flux (LWD) was computed from the net surface longwave radiation flux (LWN) and the ground surface temperature (T a), using LWD = LWN + etrT•. We have assumed that the surface emissivity e is 1.0 for all types of land surface. A cubic spline method was used to interpolate the six-hourly downward radiation data into an hourly data set.
Precipitation
The observed daily total precipitation data set for 1987 [Shea et al., 1994 ] was used to generate the hourly precipitation data, aided by the GCM-simulated monthly mean diurnal cycle. The interpolation was done using ?½t) = (8)
where Pa is daily total precipitation, P dc• is the monthly mean diurnal cycle (first and second diurnal harmonics only) of the precipitation, as simulated by the CSU GCM [Randall et al., 1991] , and Pt(t) is the hourly interpolated precipitation rate. Negative values of P dc• were set to zero. Figure 4 shows a comparison of the precipitation rate used as input to SiBDRV, as described above, and the precipitation It should be noted that we are comparing precipitation from a particular year with a multiyear climatology; the differences may thus be due to interannual variations. The SiBDRV precipitation was not corrected for rain gauge errors, as was done by Legates and Willmott [1990b] , and we expect generally to underestimate the precipitation without such corrections. Finally, the total precipitation rate was arbitrarily divided equally into convective and stratiform precipitation. This partitioning is needed for the surface runoff and infiltration computations in SiB2 [Sellers et al., 1996a] .
Coupling of SiB2 and Forcing Data
The surface downward solar and longwave radiation fluxes, precipitation rate, and the atmospheric boundary layer's wind, temperature, and mixing ratio are provided hourly to SiB2. As the model runs, the forcing variables are interpolated linearly for each integration step of 6 min.
Experimental Design
The six-hourly ECMWF assimilation system output provided to us started from 0000 GMT on January 1, 1987, and ended at 2400 GMT on December 31, 1987. The data were at 2.5 x 2.5 ø grid resolution and were regridded to 4 x 5 ø, which is the resolution used in this study.
Exactly the same land surface parameterization (SiB2) was used in SiBDRV and in the GCM simulation. The biophysical and soil parameters of the land surface boundary conditions were based upon the 1987 NDVI data and global biome distributions. Thus the input atmospheric forcings and the land surface parameters are consistent with each other.
SiBDRV was initialized using a state from an earlier GCM simulation with SiB2. SiBDRV was then integrated for five simulated years, with repeating 1987 conditions. The first four simulated years were used to allow SiBDRV to equilibrate to the prescribed forcing. The fifth and last simulated year is analyzed here. Although the GCM was run for 10 years (from  1978 to and with the GCM-simulated surface air temperatures. The surface air temperature and humidity in both SiBDRV and the GCM simulations are representative of the air in the canopy and are diagnostically computed from the corresponding surface and mixed layer values. The Ta obtained with SiBDRV agrees well with r2m from the ECMWF assimilation system output over much of the global continents, for both DJF and JJA. The SiBDRV climate is slightly warmer than the climate produced by the ECMWF assimilation system in the midlatitude deserts for JJA and in the deserts in the southern hemisphere for DJF.
The GCM simulation gives much warmer T a than does SiBDRV over much of the global continents, especially over the northern hemisphere in DJF. The seasonal global mean Ta differences are 3.0 and 1.3 K in DJF and JJA, respectively. The larger T a differences in DJF are due to less snow cover in the GCM simulation (discussed later), where temperature differences are about 10 K warmer. In JJA, the T a differences are more likely affected by the surface solar radiation which is related to cloud effects, as discussed later. Snow cover differences, shown in Figure 8 , produce large albedo differences between the ECMWF assimilation system output and the SiBDRV simulation in winter (Figure 3) . Over the Eurasian boreal forests in high latitudes, there is more snow in SiBDRV than in the ECMWF assimilation system output, but nevertheless SiBDRV gives a lower surface albedo, because the ECMWF assimilation system includes less of a vegetation masking effect and uses a higher albedo for the snow-free soil. The snow cover produced by the ECMWF assimilation system was based on values calculated from surface air temperature and precipitation, except for parts of Canada and Europe where snow cover was observed at stations, area averaged, and interpolated [European Center for Medium-Range Weather Forecasts (ECMWF), 1987]. The maximum snow depth was limited to 140 cm in Canada and Europe. Unfortunately, the precipitation produced by the ECMWF assimilation system was not available for this study.
Comparisons between the SiBDRV and the GCM (Figure 8 SiBDRV (from the ECMWF assimilation system output) were compared with the total cloud cover as simulated by the GCM (not shown). We found there was more cloud cover in the GCM than in the ECMWF assimilation system output. The seasonal global mean cloud differences were large: 24 and 30% in DJF and JJA, respectively. This seems in conflict with the fact that there is generally more surface net solar radiation flux over much of the land area in the GCM (Figure 8) . The explanation is that the GCM clouds are optically thinner than the clouds produced by the ECMWF assimilation system. The global mean total cloud covers produced by the ECMWF assimilation system are 53 and 44% over land for DJF and JJA, respectively. The cloud cover produced'by the ECMWF assim- In the GCM simulation, on the other hand, the surface moisture fluxes, the atmospheric temperature and mixing ratio, precipitation, and the soil moisture all interactively feedback on each other. It is not clear which are the forcings and which are the responses. If we assume that the surface turbulent fluxes of heat and moisture are responses to the atmospheric and radiation forcings in the same way as in SiBDRV, then we may interpret the differences of sensible and latent heat fluxes between the GCM and the SiBDRV.
Carbon Assimilation
Photosynthesis is the only significant mechanism for carbon uptake by the terrestrial biosphere, and it is one of the major sinks for atmospheric CO2. In Figure 12 we present the simulation results for the canopy net carbon assimilation rate in units of/xmol carbon m -2 s -1 from SiBDRV, and the GCM, 
Conclusions
The global land surface energy, water, and CO• fluxes have been simulated using an off-line land surface process model based on SiB2, using ECMWF data assimilation products to prescribe the atmospheric boundary layer's mean potential temperature, mixing ratio, and wind; ECMWF assimilation system output to prescribe the downward surface solar and thermal radiation; and various observational data sources to prescribe the precipitation and soil and vegetation boundary conditions. The SiBDRV results have been compared with the interactive climate simulations performed with the CSU GCM, with the ECMWF assimilation system output, and with available observations.
The differences between the land surface energy budget components and the surface climatology produced by SiBDRV and the ECMWF assimilation system are due to the differences between the land surface parameterizations used in the two models. The surface net radiation produced by the ECMWF data assimilation system was redistributed and controlled by the soil and vegetation model in SiBDRV, which produced less surface latent heat flux. This is because the large canopy resistent term explicitly formulated by SiB2 and the possible precipitation differences between the SiBDRV precipitation forcing and the ECMWF data. On the other hand, discrepancies between the SiBDRV results and the GCM simulation are related to climate differences, especially differences in incoming solar radiation, precipitation, and snow cover.
The surface flux differences between the ECMWF assimilation system output and the SiBDRV may be affected by inconsistencies in the precipitation forcings seen by SiB2 and the ECMWF land surface parameterization. We are unable to evaluate this effect, however, because the ECMWF precipitation data are not available to us.
The seasonal mean surface-air temperature simulated by SiBDRV is generally cooler than that simulated by the GCM, particularly for DJF. There is more surface net solar radiation in the GCM simulation than in SiBDRV.
The GCM tends to have more surface longwave cooling, less surface sensible heat flux, and more latent heat flux. The distributions of the differences in surface sensible and latent heat fluxes are correlated with the precipitation differences. SiBDRV and the ECMWF assimilation system output are naturally more similar in surface air temperature and water vapor mixing ratio, because the input data for SiBDRV are derived mainly from the ECMWF assimilation system output.
The differences between the ECMWF and the SiB2 land surface parameterizations tend to produce different surface energy fluxes, however. The differences between the surface net solar radiation produced by SiBDRV and the ECMWF data assimilation system are due to differences in the land surface albedo, especially due to snow cover effects, vegetation masking, and the snow-free soil albedo. Generally, SiBDRV tends to produce less surface net solar radiation than the ECMWF data assimilation system. There is slightly more surface longwave cooling in the SiBDRV output. SiBDRV tends to reduce the surface latent heat flux and produces more surface sensible heat flux, compared with the ECMWF assimilation system output, particularly in the northern hemisphere summer.
The CO2 budget of the global land surface has been estimated using SiBDRV and compared with the results of the GCM simulation and with the estimates of Fung et al. [1987] . Compared with the GCM, SiBDRV produces about 10 and 5% more global carbon uptake in January and July, respectively, because of climate differences; evidently, the climate produced by the ECMWF data assimilation system is more favorable for plant growth than the GCM's climate. The annual gross primary productions agree well between the SiBDRV and the GCM. Both estimates are well within the range of other studies, using either ecological process models or empirical regression models.
The seasonal CO2 exchanges between the land surface and the atmosphere were diagnostically estimated for both the SiBDRV and the GCM and agree reasonably well with Fung's calculations. Monthly variations of the zonal total CO2 flux show that carbon uptake in the boreal and temperate forests in 
